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Foreword

The critical current density, J., of a superconductor is generally agreed to be the
second most important characteristic, after the critical temperature. In Type II
superconductors, localized quanta of magnetic field are formed. If these move freely,
dissipative electric fields result, and lower the J.. The superconductor must contain
pinning centers to hold the field quanta in place. Such pinning centers are usually
localized regions of non-superconducting material (e.g., damaged HTS) within the
superconductor. The absence of the Meissner Effect in these damaged regions results in
them acting as attractive potentials for the field quanta and they can pin the field quanta

in place.

The creation of pinning centers in high temperature superconductors is particularly
difficult because their ideal diameter (at 77 K) is ~ 6.8 nm. By the year 2004 the typical
diameters of artificial pinning centers which had been produced was 0.2 — 1 micron by

chemical means, and 10 nm by ionic irradiation.

In 2004, the great majority of scientists working in HTS were convinced that gaps
in pinning centers, which decrease the pinning potential, would lower J.. The prevalent
attitude was that continuous columnar pinning centers were ideal. Our empirical data
indicated otherwise. The work reported here focused on a pinning center geometry
previously not systematically investigated. As ion energy becomes very high, the rate of
energy delivered to the HTS, dE/dx decreases. Pinning center diameter decreases, and
gaps appear in previously continuous columnar damage. We call this region "multiple-
in-line-damage" (MILD). We studied a broad range of MILD pinning centers, with
diameter of 3.8 — 13.6 nm, and discontinuities of 85% to 0. We found that the reduced
pinning center diameters greatly increased J. and Hj,;. Analysis of the data, now nearing
completion, showed that both the reduced damage and increased entanglement resulting
from gaps in MILD pinning centers were responsible for the great increase in J.. MILD
pinning has been shown to be experimentally, and theoretically, superior to CCPC, and

the gaps in the pinning centers have been shown to play an important positive role.



List of Illustrations

Fig. 1. Early results of the GSI experiment showing peaks in J; at values of S, resulting
in very discontinuous pinning centers (e.g., 67% discontinuity at S, ~ 2.1 keV/Angstrom),

and increases in J. by as much as a factor of 17.

Fig. 2. Data showing J. vs. applied field, Bx. Note that at high values of J, J. initially

increases as field increases (called the fishtail effect) contrary to usual behavior.

Fig. 3. Analysis of fishtail effect, showing the increase in By« of the fishtail vs. fluence.
The fact that By, is linear with fluence strongly points to the fishtail source being PC

gaps. The effect ceases when PCs touch due to very high fluence.
Statement of the problem studied

In superconductivity, high current density, J, is second in importance only to the
critical temperature, T.. Pinning centers (PCs) which hold in place magnetic quanta, are

essential to high J.. The problem studied in this work is: What is the shape and number

density of ideal pinning centers?

At the time this research was initiated it had been broadly concluded that ideal PCs
were continuous columns of damaged HTS. The great majority of practitioners in this
field agreed. See, e.g., [1,2]. In this project we have shown that this assumption is
incorrect, and that discontinuities and high number density are essential to optimal

pinning.
Results

A narrow range of discontinuities, and damage diameters, resulting from ions with

Se ~ 2.2 keV/Angstrom, result in over an order of magnitude increase in J..

The leading cause of the conviction of most scientists that CCPCs were ideal was
an elegant study by Civali et al [3], using high energy ions. The pinning centers (PCs)
used were not in fact CCPCs, and this was recognized by the research group [3]. The

pinning centers were nearly 40% discontinuous, as shown by TEM studies of the ionic



damage, made by the authors. However, Civali et al analyzed the data as if the pinning
centers were CCPCs. It is not unusual in physics research for authors to analyze data,
using an assumption for which theory already exists, or an assumption making for a
simpler theoretical analyses. The pinning centers used by the researchers increased J.

dramatically, to the highest values then seen in crystalline HTS.

The study was such a success that almost everyone set aside the fact that the
pinning centers used were discontinuous, and concluded that CCPCs result in highest J..
It was generally assumed that the "small" discontinuities involved would not significantly

effect results and that the PCs were essentially continuous.

Our research group had been working with ion bombardment to produce bulk
magnets composed of HTS. We observed that very high J. resulted from very
discontinuous pinning centers. These were in the form of badly broken columns, and

even a string of beads, which had discontinuities of up to 80% [4, 5, 6,7].

Various world groups studying ion damage as a problem in nuclear physics had
made quantitative progress in gathering empirical knowledge concerning the diameter of
ionic pinning centers [8,9]. Civale et al [3] relied upon such studies as motivation for
their work. The Sn ions they used had damage tracks ~ 10 nm in diameter and, as noted

above, 40% discontinuity.

Civale et al [3] had commented that J. continued to increase as the ion fluence
(which is equivalent to the number of pinning centers/cm”) was increased. The first
empirical hint our group had that something was wrong with the conclusion that CCPCs
were optimum, was a theoretical calculation showing that the diameter of the damage in
Civale's work was so large that any further increase in fluence, beyond the maximum
fluence reported by the group, would decrease the J., because of the extensive damage.
We also showed experimentally that J. did indeed decrease at fluences just above the

maximum fluence they used.

Our research group then theoretically studied the decrease of J. due to the effect of

the damage inherent in pinning centers, including effects of loss of superconducting



volume, decrease in T,, and blocking of percolation paths. We published a paper [10]
which concluded, on the basis of empirical inconsistencies, that smaller diameters than
could be obtained for CCPC were essential to increase J. using ionic damage, and that an
order of magnitude increase in J. was available at some as-yet-unknown smaller diameter

and increased discontinuity.

The great majority of our co-workers in HTS assumed we were talking nonsense.

An increase in discontinuity would decrease pinning potential and, they reasoned, J..

We then concluded that it would require a clear experimental demonstration of
higher J obtained with pinning centers of smaller diameter and greater discontinuity, to
prove our conclusion. We designed an experiment in which J; was to be measured vs.
diameter and discontinuity, and in which discontinuity varied from 85% to 0, and the
diameter varied from 3.8 nm to 13.6 nm. During the period of experimental design we

continued to try to convince colleagues that our proposal merited consideration [12].

We applied to ARO for funding to continue this work, and proceeded to perform the
experiment using the ~60 GeV uranium beam available at the GSI accelerator,

Darmstadt, Germany.

Our aim was to unambiguously determine whether the highest J. was produced by

CCPC, or by MILD pinning centers. If an optimum pinning center existed, as disclosed

by a peak in J, we aimed to locate that peak to 10%.

Summary of the most important results

Early results of the experiment are shown in Fig. 1, which graphs the increase in J,
vs. "Se." Se is the rate at which the ion delivers energy, and is equal to dE/dx used by the
nuclear community. It had been shown by others that radius of damage [8] and
discontinuity [9] both were functions of S.. The diameter of the ionic damage is linearly
proportional to S.. It varies from 3.8 nm to 13.6 nm, for the range of S¢ in Fig. 1. The
discontinuity fraction varies as the 1.5 power of S. It varies from 0.85 to 0 for the range

of S in Fig. 1.



The results were very startling. J. exhibited a clear peak. At best, the peak was 17
times higher than the initial J.. Bulk YBCO was used in the experiment, and J. set a new

world's record of 321 kA/cc for this variety of HTS, over 5 times the earlier record.

Both PC diameter and gaps were varied (via S.), and the best results at 77 K were for
(a) a discontinuity of 66%, (b) a fluence five times higher than that limiting Civale et al
[3], and (c) pinning center diameter of 6.8 nm. (We note the reassuring fact that 6.8 nm is

the predicted optimum pinning diameter, from basic pinning theory.)

The value of J, with 66% discontinuity was higher than that with 0% discontinuity
(i.e., CCPCs) by a factor of almost 6.

We reported these results in a journal article [13], and at meetings [14, 15]. During
this period we continued analysis. Our initial assumption was that the reduced damage of
MILD pinning, e.g., vs CCPC, was the sole cause of the dramatic increase in J.. We
reported this analysis, as well as the data, in four papers at two conferences [16, 17,18].
The analysis, based upon the effects of damage on percolation, and on change in T, led

to a prediction of peak J. at a value of S, in agreement with the experimental observation.

However, some unexpected results were observed in this analysis (e.g., the value of
S. for the peak in J, changes slightly with fluence; e.g., a "fishtail" behavior in J. vs.
applied field, By, is observed.)

We added to the analysis the effect of vortex motion in the regions of gaps in the
pinning centers. This additional vortex freedom was shown to result in vortex
wandering, and consequent vortex entanglement (with other vortices) which increased
with field [19]. Entanglement has long been known to increase vortex stability and J,
and acts as a second source of pinning potential (the first is any non-superconducting
region within a superconductor). When vortices entangle, movement of a single vortex
(of field B) requires that it crosses another vortex of field B. This doubles the magnetic
field, but quadruples the energy, and thus provides a potential barrier leading to
additional pinning. As applied field increases, the number of vortices/cm” increases.

This enables a vortex to entangle with several vortices, thus increasing total pinning and



consequently increasing J.. Hence J. increases with applied B, contrary to its usual
behavior. This is seen in Fig. 2. Fig. 3 shows the result of detailed analyses of the
position of the peak in the J. "fishtail", By,x, which showed convincingly that the

physical interpretation given above is accurate.

CCPCs act to suppress entanglement. At all points in a continuous pinning center
the vortex is trapped (except for extreme thermal fluctuations). In MILD pinning centers
the vortex is given repeated intervals of freedom, and can use these for entanglement.

This is one source of increased J. for MILD pinning centers.

The above process also explains why J. increases for higher fluence. At lower
fluence, the ionic pinning centers are further apart. When a vortex wanders off the ionic
trail of damage at a gap (i.e., when it is not pinned) it will normally take the shortest
distance to the next pinning center in order to minimize energy. In this action of
"jumping" from one ionic pinning center to another, the vortex is not pinned for some
distance. That distance shrinks as the fluence increases and the ionic pinning centers
move closer together. Therefore, as fluence increases, the unpinned "jumping" distance

decreases, the average pinning energy decreases, and peak J. increases.

Other checks have been done to be sure our GSI data is not an artifact. The J.
agrees with, e.g., Civale's [3] J. where S, and fluence are equal to Civale's. The J. agrees
with our earlier values of J. from fission, when the differences in entanglement are

included.
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Fig. 1. Early results of the GSI experiment showing peaks in J. at values of S, resulting in very
discontinuous pinning centers (e.g., 67% discontinuity at S. ~ 2.1 keV/Angstrom), and increases
in J. by as much as a factor of 17.
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Fig. 2. Data showing J. vs. applied field, Bs. Note that at high values of J, J. initially increases
as field increases (called the fishtail effect) contrary to usual behavior.
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Fig. 3. Analysis of fishtail effect, showing the increase in B, of the fishtail vs. fluence. The
fact that B, is linear with fluence strongly points to the fishtail source being PC gaps. The
effect ceases when PCs touch due to very high fluence.
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